Abstract-In this work, Monte Carlo methods are used for the design of highly efficient detector structures for megavoltage X-ray imaging. The detector structures consist of a converter material and an active medium ("binary" detector systems). The novel approach is to impose a spatial structure on the converter material that intersperses the active medium and defines the size of a detector cell. The dimensions of these structures have to be optimized with respect to efficiency and spatial resolution. The results show that the quantum efficiency and detective quantum efficiency at zero frequency of such structures surpasse the efficiency of conventional detector structures using the converter material as a buildup layer and depend on the dimensions of the converter structure and the active medium as well as the materials itself. In general, larger converter structures result in a higher efficiency. The detector signal is proportional to the size of the active medium in the cell. However, the size of the structures are limited by the specifications for the desired spatial resolution.
I. INTRODUCTION

I
N medical physics, photon detectors are extensively used for diagnostic X-ray and CT imaging, nuclear medicine, and, quite recently, radiation therapy of cancer [1] , [2] . In modern radiation therapy ever more accurate delivery techniques spur the need for efficient detectors of high-energy photons in the megaelectron volt energy range in order to allow the imaging of the patient during radiation delivery. In particular, in tomotherapy [3] , a megavoltage detector is used for both CT imaging and for verifying the dose received by the patients. In order to keep the dose to the patient delivered during imaging as low as possible, efficient radiation detectors are needed. This work aims to develop highly efficient detector structures optimized for the energy range of the photons used in radiation therapy. Monte Carlo calculations play a crucial and invaluable role during the design process of such structures. Fig. 1 . Binary detector structures. In conventional structures a buildup layer of a converter material (light gray) converts the high-energetic photons to charged particles, which are subsequently detected in the active medium (dark gray). More efficient structures can be constructed by placing thin layers of the converter material in beam direction. The photon beam is hitting the conventional and the 1-D structure from the top. For the 2-D and 3-D case, the photons point into the plane of display. The size of a detector cell (black dashed lines) is imposed by the pixellation of the signal read-out in the conventional structure, but is determined by the converter structure itself for the efficient designs.
II. MATERIALS AND METHODS
A general binary detector system consists of a converter material and an active medium (cf. Fig. 1 ). The converter is preferrably a high atomic number and high density material which creates secondary electrons that, in turn, produce a measurable signal in the active medium. The novelty of this approach is to impose a regular or irregular spatial structure on the converter which determines a cell size within the detector system. From each cell the signal can be separately identified. Possible choices for the active medium include a pressurized gas (ionization chamber type), a scintillating material, or a photoconverting amorphous material like a-Se. These binary detector structures differ from conventional detector structures, where a single piece of converter material is usually placed upstream with respect to the active medium, therefore acting as a "buildup" material. Typical detector systems of this kind are the metal plate/phosphor screen systems or the indirect active matrix flat panel devices. Fig. 1 demonstrates the principle 0018-9499/03$17.00 © 2003 IEEE difference between the conventional and the new designs and shows simple one-dimensional (1-D) and two-dimensional (2-D), as well as a general three-dimensional (3-D) detector structure.
Many authors have characterized conventional detector structures for megavoltage radiation [4] - [17] . In this work we focus on the design at the level of signal creation only. Signal collection, signal readout, and the associated readout electronics will not be discussed here. We concentrate on different efficiency measures to characterize the new binary detector systems: signal creation efficiency, quantum (detective) efficiency QE, and detective quantum efficiency at zero frequency DQE (0).
The signal creation efficiency is the amount of signal produced in the active medium. Conveniently, in Monte Carlo calculations, the "signal" is the amount of absorbed energy in the active medium. The QE describes the conversion rate from photons to detectable electrons and is the probability per incident photon of producing at least one detectable electron. The third efficiency measure was the DQE at zero frequency DQE(0). It was calculated by using Swank's formula which involves the first and second moments of so-called absorbed energy distributions (AED) or spectra of absorbed energies in the active medium of the detector [19] . In the case of a single incident photon energy , DQE(0) is computed from the incident and outgoing signal-to-noise ratios (SNRs) as follows:
where and are the first and the second moments of the AED, respectively, and is the total number of incident photons. In the case of an incident energy spectrum, (1) has to be weighted with the number of photons in each incident energy bin [18] . Using the AEDs, the QE is simply the zeroth moment (or the integral) of the distributions divided by the number of incident photons. These efficiency measures just described were studied as a function of the cell size and the size of the converter structure in perpendicular direction to the incident X-ray beam. Both the EGS4/BEAM (National Research Council of Canada) and the MCNP4C (Los Alamos National Laboratory) Monte Carlo codes served as the computational tool for the particle transport through the detector structures. In particular, Monte Carlo calculations were done on a linear 1-D array of thin metal plates as the converter (like the 1-D realization in Fig. 1 ) and a prototype design of a comb-shaped metal converter on an epoxy base with metal shims as collecting electrodes (Fig. 2) . The active medium was air. Moreover, the calculations were done for a 4 and 6 MV energy spectrum. These are typical energy spectra produced by two linear accelerators at our institution with nominal acceleration potential of 4 and 6 MeV, respectively. For the linear array structure, the efficiency was also studied for a beam of photons parallel to the plates of the detector and for a divergent beam of photons.
One particular realization of the linear array detector system is the arc-shaped xenon detector used in an earlier generation of CT scanners (GE Medical Systems). Tungsten plates of 320 m Fig. 2 . Schematics of the prototype detector. It consists of a converter structure (top part) attached to an electrical insulator made of epoxy (bottom part). Thin metal shims of 0.13 mm thickness were glued into grooves in the epoxy. The distance between the shims was 1.5 mm. The air cavities were separated by 0.38 mm thick converter plates extending from the top part to the epoxy base. The detector extends 4 cm in the direction perpendicular to the paper plane. To read out the ionization charges from the air cavities a high voltage is applied to the converter structure and the collecting electrodes are connected to an electrometer. Fig. 3 . Signal creation efficiency for the 1-D linear array structure as a function of the ratio between converter size and cell size (the reciprocal fill factor). The "signal" is the absorbed energy in one of the central gas cavities. In this particular case, the converter plates were made of tungsten and the gas was air. The different line styles of the curves represent calculations for different fixed cell sizes, which is indicated in the legend. The cell size is the distance between two tungsten plates. For each cell size, the signal was scored for an incident broad beam and for an incident narrow beam of 6 MV energy covering the central cell. Hence, for comparison between the different cell sizes, the signal was normalized to the incident photon fluence. The curves showing the larger signal for a given fill factor is the one for the incident broad beam. The ratio between the curves for a given cell size and fill factor is a measure for the cross talk or scatter within the detector structure.
thickness, which subdivide a xenon gas volume of 5 atm pressure in subvolumes of the same dimensions (320 m), are utilized to collimate the incoming kV photon beam used in CT imaging. In our case (incident MV photon beam), the tungsten plates act as a converter material. The simulations were previously benchmarked against measurements with this CT arc detector by comparing calculated and measured response profiles [18] . Good agreement was found. 
III. RESULTS AND DISCUSSION
A. Signal Creation Efficiency
For a linear tungsten plate-air array structure, the signal creation efficiency was investigated as a function of variable converter plate thickness and variable cell size. The absorbed energy was scored in a central air cavity of the array. The results are shown in Figs. 3-5. Referring to Fig. 3 , for a narrow beam covering only one detector cell, there exists a distinct maximum in the collected signal for a certain plate thickness for a given cell size. For thinner plates, fewer secondary electrons are produced, causing the signal to drop. For thicker plates, the signal collecting volume of the active medium decreases, which also leads to a drop in signal. Irradiating the entire detector with a broad photon beam leads to a considerable contribution of scatter signal (cross talk) to the central cell, which increases with decreasing plate thickness. Hence, the ratio between the narrow beam signal and the scatter signal is monotonically increasing with plate thickness. All these observations are valid for all the shown cell sizes. Summarizing the results of Fig. 3 , smaller plates generally produce a larger amount of signal but show larger cross talk.
In order to highlight the importance of the dimensions of the converter material and the active medium to the amount of created signal in the linear structure, Fig. 4 shows the results of Fig. 3 for a fixed converter plate thickness of 50 m and Fig. 5 for a fixed size of the air gap of 100 m between the plates. The results show, that the produced signal is to first order only proportional to the size of the active medium and almost independent of the dimension of the converter plates. The first point is not surprising and simply follows from the fact that the amount of absorbed energy is proportional to the pathlength of the electrons crossing the medium. The proportionality holds as long as the dimensions of the medium are shorter than the pathlengths of the electrons. The second point is a consequence of the aforementioned proportionality and that, for thicker plates, the increasing production of electrons is countered by the decreasing cross talk.
The total absorbed energy in the seven air cavities of the prototype detector was studied for three different converter materials (aluminum, copper, and tungsten), two photon beam energies (4 MV and 6 MV) and two different thicknesses of the detector in beam direction (1 cm and 4 cm). The results are shown in Fig. 6 . First, the results are most sensitive to a change in detector thickness. For aluminum, the signal produced in the thick detector (4 cm) is approximately 4 times larger than in the thin detector (1 cm), for copper 3.3 times and for tungsten 2.5 times. This is a direct consequence of the increased attenuation of the photon beam with larger material thickness. Second, for the thin detector, the total signal is increasing with increasing material density, whereas for the thick detector, the total signal is decreasing with increasing material density. This result is not surprising considering the two opposing influences on the amount of absorbed energy: with increasing material density the number of photon interactions is increasing but at the same time, the pathlengths of the produced secondary particles is decreasing, therefore reducing the events, where energy from the same electron is deposited in more than one air cavity (cross talk). For the thin detector, the increased number of photon interactions outweighs the decrease of the cross talk, whereas for the thick detector this is reversed. This highlights, that not only efficiency parameters should be considered in the design of such detectors but also resolution parameters, which are determined by the amount of cross talk.
Furthermore, Fig. 6 shows, that the amount of signal is dependent on the beam energy. For the thick detector, the signal was about 10% higher for the 6 MV photon energy spectrum Fig. 7 . Contour plot of the relative contribution (importance) to the absorbed energy in the active medium of the 4 cm thick prototype detector for 10 photon histories. The simulation geometry is shown in Fig. 2 . The incoming 4 MV photon beam is pointing into the plane of display. The converter structure is tungsten. The absorbed energy in the air cavities was mapped back to the location of the first interaction of the photon. The two innermost contour lines represent the 20% and the 50% contribution level, respectively. In this case the contributions from each material to the absorbed energy in air was: tungsten 58%, steel shims 18%, epoxy 23%, and air 1%. compared with the 4 MV energy spectrum. The thin detector showed only a modest difference between the two photon beam qualities.
In order to support design considerations for the prototype and to study the importance of the signal contribution from different materials, spatial maps of the origin of the absorbed energy (so-called "importance maps") were calculated. This was done by scoring the energy not at the location of its absorption, but at the location of the first interaction of the first photon in the history. One example of such a map with tungsten as the converter material is shown in Figs. 7 and 8 . From the figures, it is clear, that the vast majority of the signal originates in the immediate vicinity of the air cavities and can be attributed to compton electrons. It is clearly seen from the 5% contour line in Fig. 7 , that the range of these electrons is larger in the epoxy than in the tungsten converter. A low percentage of the signal is originating from locations farther away than the electron range and is due to multiple compton events.
The importance maps provide information to optimize dimensions and choice of materials at once. Fig. 9 shows an example of an absorbed energy distribution within the CT arc detector for an incident 4 MV photon beam. The AED is heavily weighted toward low energies. The largest amount of energy absorbed in the detector from a single photon is about 1.3 MeV.
B. QE and DQE
The results for QE and DQE(0) for the CT arc detector are shown in Table I . The cell size was fixed at 640 m, which is the distance between the plates in the arc-shaped CT detector. From the table, it is seen, that the tungsten plates are much more efficient than the aluminum plates and that the divergent photon beam causes even more photons to interact. This is obvious, as the plate surface exposed to the radiation is greatly increased for the divergent photon beam. In comparison, these numbers reach at most only 4% to 5% for conventional detector structures. An additional calculation showed, that the efficiency numbers in Table I are even larger for thicker plates.
An additional calculation showed, that the efficiency numbers in Table I are even larger for thicker plates.
An important remark is appropriate. It appears, that thicker plates are more convenient in terms of QE, DQE(0), and cross talk. However, as seen above, the signal creation efficiency and, therefore, the SNR is much smaller than for thinner plates. Therefore, for a given SNR, thicker plates produce less cross talk, allowing a larger signal transfer at higher spatial frequency and therefore a higher resolution, but produce less signal. On the other hand, thicker plates are associated with a larger cell size which deteriorates resolution. Consequently, for a given SNR, the thickness of the converter plates has to be optimized with respect to the signal transfer at all spatial frequencies (modulation transfer function). This will also be dependent on the kind of materials used. All these investigations will be presented in future work.
IV. CONCLUSION
A binary detector design with a structured high-density converter material is a promising candidate for a very efficient radiation detector.
Compared to conventional technologies the efficiency numbers are one order of magnitude higher. However, the choice of converter materials and the dimensions of the detector have to be optimized within the limits imposed by the specifications for the spatial resolution.
